Teriparatide, a recombinant form of parathyroid hormone (PTH), is the only approved treatment for osteoporosis that increases the rate of bone formation. Teriparatide increases osteoblast numbers by suppressing osteoblast apoptosis and activating bone-lining cells. No direct evidence for teriparatide's actions on early cells of the osteoblast lineage has been demonstrated. Here, we have employed a lineage-tracing strategy that uses a tamoxifen-dependent, promoter-driven cre to mark early cells of the osteoblast lineage in adult mice. We show that teriparatide increases the numbers of osteoblast precursors and drives their differentiation into mature osteoblasts. Unexpectedly, following withdrawal of teriparatide therapy, bone marrow adipocytes increased dramatically in number. Some of these adipocytes derived from cells marked by Sox9-cre expression weeks earlier.
Introduction
Parathyroid hormone (PTH) acts as a major regulator of mammalian calcium homeostasis, partly through actions on bone (1). When PTH 1-34 is administered by once-daily subcutaneous injection to humans or rodents, bone mass is increased due to an increased number of osteoblasts and bone formation rate (2) . Teriparatide is currently the only agent with bone-building properties (so-called anabolic agents) approved by the FDA for treatment of people with osteoporosis. The cause of the increased number of osteoblasts after teriparatide administration has been studied extensively. Teriparatide suppresses osteoblast apoptosis (3) and activates dormant bone-lining cells so that they become active osteoblasts (4) . Both of these actions of teriparatide involve postmitotic, mature cells of the osteoblast lineage. It is less clear whether teriparatide also acts on early osteoprogenitors to increase the number of new osteoblasts, partly because the identification of such cells in vivo has been challenging.
Mammalian bone marrow contains cells capable of forming colonies in culture (CFU fibroblasts [CFU-Fs] ) that contain cells capable of differentiating into osteoblasts, chondrocytes, and adipocytes in vitro or after subcutaneous transplantation. These stromal cells, sometimes called mesenchymal stem cells (MSCs), have been partially purified and have been studied extensively as potential tools for regenerating bone and other tissues (5) . Their normal fates in vivo remain elusive, however, because specific marking of these cells in lineage-tracing experiments in vivo has proven challenging. Nestin promoter-driven GFP (nestin-GFP) was first used to mark mesenchymal precursors that could become CFU-F and osteoblasts, chondrocytes, or adipocytes in vitro (6) . Lineagetracing experiments using nestin-creERT2 mice crossed with mice expressing different cell-specific reporters suggest that precursors marked with this transgene can become osteoblasts (6) , though this fate may occur very infrequently. Other groups have subsequently used a variety of transgenes to mark stromal cells and follow their fates as they became osteoblasts. These transgenes use promoters such as those for α-smooth muscle actin, MX1 stimulated with polyI-polyC, gremlin, and leptin receptor, reviewed in Ono and Kronenberg (7) . Further, to identify cells in fetal and early postnatal life capable of differentiating into chondrocytes, adipocytes, and fetal and early postnatal osteoblasts, Ono et al. (8) used collagen II-creERT2, Sox9-creERT2, and aggrecan-creERT2 to mark such cells. Each of the promoters mentioned here is capable of marking mesenchymal cells that can become osteoblasts, but the specific properties of each of these mesenchymal cells differ. These differences probably reflect the heterogeneity of mesenchymal cells capable of differentiating into osteoblasts.
The ability to identify osteoblast precursors in vivo makes it possible to determine whether the action of teriparatide to increase bone mass includes actions on these precursors. When teriparatide was administered to mice expressing nestin-GFP, the number of these cells increased (6) . These cells expressed the PTH/PTHrP receptor, raising the possibility that PTH might act directly on these cells. Here, we have chosen to use transgenic mice expressing Sox9-creERT2; R26RTomato reporter to study the role of osteoblast precursors in participating in the increase in osteoblast numTeriparatide, a recombinant form of parathyroid hormone (PTH), is the only approved treatment for osteoporosis that increases the rate of bone formation. Teriparatide increases osteoblast numbers by suppressing osteoblast apoptosis and activating bone-lining cells. No direct evidence for teriparatide's actions on early cells of the osteoblast lineage has been demonstrated. Here, we have employed a lineage-tracing strategy that uses a tamoxifen-dependent, promoter-driven cre to mark early cells of the osteoblast lineage in adult mice. We show that teriparatide increases the numbers of osteoblast precursors and drives their differentiation into mature osteoblasts. Unexpectedly, following withdrawal of teriparatide therapy, bone marrow adipocytes increased dramatically in number. Some of these adipocytes derived from cells marked by Sox9-cre expression weeks earlier. Continued therapy with teriparatide prevented the appearance of adipocytes. Selective, inducible deletion of the PTH receptor in Sox9-cre cells demonstrated that PTH receptor expression is required for teriparatide-mediated increases in early osteoblast precursors. The increase in early precursors after teriparatide administration was associated with robust suppression of precursor apoptosis without affecting their rate of proliferation. Thus, teriparatide increases the numbers of early cells of the osteoblast lineage, hastens their differentiation into osteoblasts, and suppresses their differentiation into adipocytes in vivo. jci.org Volume 127 Number 9 September 2017 (Figure 2A ). tdTomato + cells were observed at P44 in the growthplate chondrocytes, articular chondrocytes, metaphyseal spongiosa, endosteum, periosteum, and perichondrium ( Figure 2B and Supplemental Figure 4 , A and B). Following immunohistochemistry with anti-Sox9 Ab, we detected growth-plate chondrocytes and a few cells within the primary spongiosa that expressed the transcription factor Sox9 in large enough amounts to be detected with Ab and also expressed tdTomato ( Figure 2C and Supplemental Figure 4 , C-E). We also confirmed that Sox9-creERT2-TdTomato + cells isolated from the bone expressed transcripts encoding Sox9 ( Figure 2D ). Furthermore, we detected no tamoxifen-independent cre recombinase activity at this stage (Supplemental Figure 4, F-I) . We used collagen II-creERT; R26RTomato and Aggrecan-creERT; R26RTomato mice and observed a very similar distribution of tomato-positive cells. However, we chose not to use those mice further because of higher tamoxifen-independent tomato reporter activity associated with their use (Supplemental Figure 2) .
Next, to determine whether, as expected, Sox9-creERT2 marks early cells in the osteoblast lineage, we investigated whether Sox9-creERT2 labels cells before expression of the transcription factor osterix. Because we had access to a mouse expressing osterix promoter-driven mCherry (Osx-mCherry) and the spectrum of emission of mCherry fluorophore overlaps with that of tdTomato, we performed this experiment using an R26RZsgreen1 reporter to identify cells descended from Sox9-creERT2-expressing cells. We pulsed 6-week-old Sox9-creERT2; R26RZsgreen1; Osx-mCherry mice with 2 mg tamoxifen. We observed that the majority of Sox9-creERT2 + cells lacked mCherry protein expression both in the metaphysis (Figure 2 , E, F, and H, and Supplemental Figure 4 , J-Q) and on the endocortical surfaces ( Figure 2G ). However, after several weeks, we observed Sox9-creERT2 + cells that showed overlap of ZsGreen1 expression with mCherry protein expression (Supplemental Figure 1) , suggesting that a subset of Sox9-creERT2 + cells represents precursors of osterix-expressing cells at early times points after tamoxifen labels cells but before the expression of the transcription factor. Next, we asked whether Sox9-creERT2 + cells marked 2 days after tamoxifen administration also express nestin-GFP or CXCL12-GFP, probable markers of some early cells in the osteoblast lineage (6, 9) or Ocn-GFPtpz (osteoblast marker). To answer this question, we crossed Sox9-creERT2; R26RTomato with either nestin-GFP or CXCL12-GFP mice. At P44, 9.81% ± 3% of the Sox9-creERT2 + cells also expressed nestin-GFP ( Figure 2I ) and 2.89% ± 0.59% expressed CXCL12-GFP ( Figure 2J ), but none expressed any detectable OcnGFPtpz ( Figure 2K ). Thus, overall Sox9-creERT2 + cells, soon after tamoxifen administration, did not overlap with osterix-expressing cells, but showed some overlap with cells marked by other known putative markers of mesenchymal precursors.
Once-daily teriparatide administration increases the numbers of descendants of Sox9-creERT2-expressing precursors and their differentiation into osteoblasts in vivo. To determine whether teriparatide administered by once-daily subcutaneous injection affected early descendants of Sox9-creERT2-expressing precursors, we pulsed 6-week-old mice with a single 2 mg dose of tamoxifen and subsequently sacrificed these mice after 3, 7, and 21 days of administration of teriparatide or vehicle ( Figure 3A) . On day 3, we observed cells expressing tdTomato in the metaphyseal spongiosa and endocortical and periosteal surfaces in both vehicle-and teripabers after administration of teriparatide. We also examine the fates of such cells after cessation of teriparatide administration.
Results

Sox9-creERT2
+ cells label very early cells of the osteoblast lineage in early postnatal mice in vivo. To assess the contribution of cells expressing Sox9-creERT2; R26RTomato and their descendants to the osteoblastic lineage in postnatal mice, we pulsed Sox9-creERT2; R26RTomato; osteocalcin-GFPtopaz (Ocn-GFPtpz) mice with administration of 0.2 mg tamoxifen at P3. Ocn-GFPtpz mice constitutively express the topaz variant of GFP under the control of the mouse osteocalcin promoter. We did not detect tamoxifen-independent tdTomato + cells postnatally. Four days after a tamoxifen pulse at P3 (Sox9-creERT2 P3 ), chondrocytes in the growth plate and articular surfaces as well as cells in the metaphyseal spongiosa and adjacent to the perichondrium/periosteum and endosteum were labeled by Sox9-creERT2 ( Figure 1A and Supplemental Figure 3 , A-C; supplemental material available online with this article; https://doi.org/10.1172/JCI91699DS1). By 27 days after the pulse, Sox9-creERT2 P3 cells had become osteoblasts (as judged by the yellow appearance of cells expressing both tdTomato and GFPtpz) and stromal cells in the metaphysis, epiphysis, and diaphysis in addition to chondrocytes in the growth plate and articular chondrocytes ( Figure 1B Figure 1C ) (see Supplemental Figure 11 ). We also observed an increase in the contribution of Sox9-creERT2; R26RTomato + cells into the Ocn-GFPtpz population (from no cells 4 days after tamoxifen to 108 ± 13.43 cells at 27 days after tamoxifen) in the metaphyseal area ( Figure 1E ). Cell counting was performed in a region representative of metaphysis and cortical bone that was kept constant throughout the experiments. We observed a 5-fold increase in the number of tdTomato + cells at the cortical surface (4 d: 32 ± 7.07 vs. 27 d: 183.5 ± 17.68) ( Figure 1D ). We also observed that the contribution of Sox9-creER; R26RTomato Figure  3H ). Similarly, cortical tdTomato + cells present on the endosteum and periosteum showed no significant difference in numbers (16 ± 3/section vs. 15 ± 9/section) ( Figure 3I ). In addition, the fraction of tdTomato + cells that differentiated into Ocn-GFPtpz osteoblasts also showed no significant differences in mice treated with vehicle that colocalized with GFPtpz protein; however, many were still present in a less differentiated state (Supplemental Figure 5E ). In vehicle-treated mice, metaphyseal tdTomato + cells that colocalized GFPtpz were present (41 ± 25/section), but these were far fewer than in comparison with those in teriparatide-treated animals (146 ± 19) (Supplemental Figure 5F and Figure 3 , D, G, and J). Cortical bone appeared to have merged with trabecular bone and showed a significantly higher number of tdTomato + cells in teriparatide-treated animals (45 ± 1/section vs. 64 ± 2/section, Figure 3I and Supplemental Figure 5 , K and L), though many had differentiated into osteocytes that were identified under the microscope by their typical morphology. Thus, in both vehicle-treated and terip- + cells and Ocn-GFP + cells (K). The data represent mean ± SD from 3 mice from 3 independent experiments. Scale bars: 500 μm (B); 100 μm (C (insert magnified 2×), E); 20 μm (F, G). jci.org Volume 127
Number 9 September 2017
in the metaphysis with the numbers at day 7 and 21 reaching statistical significance (19 ± 3.4, 9 ± 0 in vehicle-treated mice vs. 141 ± 33.71, 75 ± 4.1 in teriparatide-treated mice) on day 7 and day 21 of teriparatide administration (Supplemental Figure 6B) . Similarly, tdTomato + cells were higher in number in the cortical bone on day 7 in teriparatide-treated mice compared with vehicle controls (8 ± 4.35 in vehicle-treated mice vs. 25.33 ± 8.08 in teriparatide-treated mice), though not after day 3 and day 21 (Supplemental Figure  6C) . These findings suggest that PTH 1-34 plays an important role in augmenting the number of Sox9-creERT2 + mesenchymal precursors and concomitantly facilitates their differentiation toward the osteoblastic lineage.
aratide-treated mice, tdTomato + cells first appeared away from the bone surface and then increased in number and became OcnGFPtpz-expressing cells, most of which were on bone surfaces. The number of such cells and their rate of appearance were hastened by intermittent delivery of PTH 1-34. In order to determine whether teriparatide administration affects the number of very early Sox9-creERT2-positive multipotent cells, teriparatide was administered within 3, 7, or 21 days and then 2 mg tamoxifen was administered to each group. Mice were sacrificed 24 hours after tamoxifen administration (see schematic in Supplemental Figure  6A ). We observed that at all time points, teriparatide-treated mice showed a higher number of tdTomato + cells compared with vehicle Figure 5 ). Representative long bone section from Sox9-creERT2; R26RTomato; Ocn-GFPtpz mice at 3 days (B and E), 7 days (C and F), and 21 days (D and G) after tamoxifen administration. Scale bars: 500 μm (B-G). Each panel reflects data from 3 mice/genotype from 3 independent experiments. (H and I) The number of Sox9-creERT2; R26RTomato + cells counted blindly in the metaphysis and cortical bone in diaphysis counted in a standard region described in Supplemental Figure 11 on days 3, 7, and 21 after tamoxifen injection in vehicle-and PTH 1-34-treated mice. (J and K) The number of Sox9-creERT2; R26RTomato + cells that also colocalized Ocn-GFPtpz protein in the metaphysis and cortical bone in diaphysis were counted blindly in a standard region described in Supplemental Figure 11 on days 3, 7, and 21 after tamoxifen injection in vehicle-and PTH 1-34-treated mice. Data represent mean ± SD from 3 independent experiments with 3 mice/experiment. *P < 0.01; **P < 0.001. Statistical evaluation was done by nonparametric 2-tailed Student's t tests. jci.org Volume 127
Teriparatide administration suppresses apoptosis in Sox9-creERT2-positive multipotent cells. To assess the mechanism by which teriparatide administration leads to an increase in the number of Sox9-creERT2-positive multipotent cells, we performed flow cytometry on bone cells from vehicle-or teriparatide-treated mice at day 3 and day 7 after tamoxifen injection. We utilized a commercially available annexin V-FITC staining kit and labeled Sox9-creERT2; R26RTomato + cells. Hematopoietic cells and dead cells were gated out by anti-CD45 Ab and DAPI staining, respectively. We observed a suppression of apoptosis in the tdTomato + population in teriparatide-treated mice compared with vehicle-treated mice on both day 3 (7.11% ± 0.72% in teriparatidetreated mice vs. 21.42% ± 2.01% in vehicle-treated mice) and day 7 (8.81% ± 1.71% in teriparatide-treated mice vs. 21.5% ± 1.39% in vehicle-treated mice) (Figure 4, A, B , and E). To assess whether teriparatide treatment stimulated proliferation of Sox9-creERT2 + cells, Sox9-creERT2; R26RTomato mice received 1.5 mg of EdU intraperitoneally 6 hours before sacrifice after treatment with vehicle or teriparatide for 1.5, 3, or 7 days. Hematopoietic cells were gated out with anti-CD45 Ab. We observed no significant differences in the rate of proliferation between vehicle-and teriparatide-treated mice (Figure 4, C, D, and F) . Thus, teriparatide administration regulates the number of mesenchymal precursors by suppressing their rate of apoptosis without affecting their rate of proliferation in vivo. + cells 2 days after tamoxifen injection. Data represent mean ± SD from 3 independent experiments with 3 mice/experiment. *P < 0.01; **P < 0.001; ***P < 0.0001. Statistical evaluation was done by nonparametric 2-tailed Student's t tests, and the data were subjected to Bonferroni's correction for multiple testing. jci.org Volume 127 Number 9 September 2017
Teriparatide administration increases the number of Sox9-creERT2-positive cells and their differentiation into the osteoblastic lineage by direct signaling via PTH1R in vivo.
Confocal analysis revealed a significant increase in the numbers of adipocytes in the metaphysis of mice from whom teriparatide had been withdrawn (148 ± 28 vs. 0); many of these adipocytes were tdTomato + (28% ± 4%) ( Figure 6O ). These findings suggest that Sox9-creERT2 cells are capable of differentiating into adipocytes in vivo and are consistent with in vitro findings as well (Supplemental Figure 7) . Thus, the increase seen in trabecular bone after several weeks of teriparatide ( Figure 6B , for example) disappears within 4 weeks of teriparatide withdrawal; instead, adipocytes, some of which are descended from Sox9-creERT2 + cells generated 8 weeks earlier, accumulate in marrow.
The experimental design of the PTH withdrawal experiment, with a prolonged chase after pulsing Sox9-creERT2-expressing cells 8 weeks before sacrifice, led necessarily to TdTomato expression in osteoblast precursors, osteoblasts, and osteocytes. We wondered whether cells rather late in the lineage might contribute to the fate plasticity demonstrated by this experiment. Therefore, we performed withdrawal experiments (Supplemental Figure 9A ) in mice that expressed an Ocn promoter-driven creER along with a TdTomato reporter to mark osteoblasts expressing osteocalcin, a marker of well-differentiated osteoblasts. We observed Ocn-creER + cells as osteoblasts and osteocytes in both vehicle-and PTH-treated mice (Supplemental Figure 9 , B and C). Interestingly, after withdrawal of teriparatide, Ocn-creER + adipocytes that costained with perilipin accumulated in the marrow (Supplemental Figure 9 , D and E).
Because Wnt signaling has been documented as affecting the fates of cells in the osteoblast lineage (11) and PTH signaling increases activation of β-catenin, we further hypothesized that withdrawal of PTH may decrease β-catenin signaling in bone, especially in Sox9-creERT2 + cells, and thereby contributes to the switch in cell fate. Mice treated with teriparatide for 8 weeks showed a robust activation of β-catenin in Sox9-creERT2 + cells (Supplemental Figure 10C) as compared with vehicle-treated mice (Supplemental Figure 10B) after staining with an Ab specific for the active, nonphosphorylated β-catenin. Interestingly, mice that were withdrawn from teriparatide showed a dramatic suppression of β-catenin activity (Supplemental Figure 10D) .
Discussion
Herein, we show that Sox9-creERT2 + cells in adult mice can give rise to osteoblasts, adipocytes, and CXCL12 + reticular stromal cells. We also show that Sox9-creERT2 + cells identified 2 days after tamoxifen administration are immature osteoprogenitor cells that do not express the early transcription factor, osterix, but differentiate into osterix-expressing cells after several days.
We have now used these cells to study the effects of teriparatide on osteoblast precursors, utilizing a genetic approach. By marking only immature mesenchymal cells in adult mice, we provide in vivo evidence that Sox9-creERT2 + cells are sources of mature osteoblasts that also take part in the teriparatide-mediated increase in osteoblast numbers and bone-forming activity when administered once daily. Our data suggest that the early precursors of the osteoblasts express PTH receptors that play a crucial role in the very early stages of the osteoblast lineage and that these receptors in the early precursors are required for the action of teriparatide to increase the numbers of osteoblast precursors ± 2.75 in vehicle-treated mice vs. 53.6 ± 5.77 in teriparatide-treated mice). However, deletion of PTH1R led to complete abrogation of increase in the number of tdTomato + cells in the metaphysis and cortical bone (10.6 ± 6.42 in vehicle-treated mice vs. 7.6 ± 2.51 in teriparatide-treated mice) ( Figure 5, A-F) . Similarly, the colocalization of TdTomato + cells with Ocn-GFPtpz in metaphysis and cortical bone was observed to occur normally in the absence of PTH, but with no increase in response to PTH in mice lacking the PTH receptor (15 ± 6.2 in vehicle-treated vs. 60.6 ± 8.5 in PTHtreated PTH1R fl/WT mice and 24.6 ± 8.1 in vehicle-treated vs. 18.6 ± 7.23 in PTH-treated PTH1R fl/fl mice) ( Figure 5, A-F) . We observed very similar results by using flow cytometry analysis. We observed a significant increase in the number of tdTomato + cells after teriparatide administration in Sox9-creERT2; R26RTomato; PTH1R fl/WT mice compared with controls (1.8 × 10 -3 ± 3.54 × 10 -4 in vehicletreated mice vs. 7.8 × 10 -3 ± 6.3 × 10 -4 in teriparatide-treated mice) compared with vehicle-and teriparatide-treated mice (1 × 10 -3 ± 3.5 × 10 -4 in vehicle-treated mice vs. 2.2 × 10 -3 ± 2.8 × 10 -4 in teriparatide-treated mice) in Sox9-creERT2; R26RTomato; PTH1R fl/fl mice ( Figure 5 , G-I). Thus, knocking out the PTH/PTHrP receptor from Sox9-creERT2 + mesenchymal precursors led to abrogation of the effects of teriparatide administration, suggesting that teriparatide acts directly on Sox9-creERT2 + mesenchymal precursors in vivo.
Withdrawal of intermittent teriparatide administration leads to adipocytic differentiation of Sox9-creERT2
+ multipotent cells. Bones lose substantial amounts of their mass and cellular constituents when intermittent teriparatide regimens are halted (10), but there has been little analysis of cell fates in that setting. To determine the fates of cells descended from Sox9-creERT2-expressing cells after stopping teriparatide administration, we designed a protocol in which Sox9-creERT2; R26RTomato, Ocn-GFPtpz mice received a single 2-mg tamoxifen injection at 6 to 7 weeks of age and, starting 24 hours later, these mice were subjected to daily teriparatide administration for 8 weeks. A second group of mice received intermittent teriparatide administration for only 4 weeks and was given vehicle for 4 more weeks. A third group was given vehicle for 8 weeks ( Figure 6A ). Sections from tibia of mice that received intermittent PTH 1-34 administration for 4 weeks showed substantial trabecular bone formation ( Figure 6B) . Similarly, teriparatide-treated mice at 8 weeks showed robust bone deposition (Figure 6C) . Vehicle-treated mice, as expected, showed no changes ( Figure 6D ). Mice that received teriparatide for 4 weeks and then vehicle for 4 weeks showed no obvious morphological differences in trabecular or cortical bone from those treated with vehicle only ( Figure 6E ). Interestingly, we observed that the metaphyseal marrow and diaphysis appeared to contain large numbers of adipocytes ( Figure 6 , E and H) not seen in either the mice given teriparatide for 8 weeks or those given only vehicle ( Figure 6 , C, D, and F); this finding was confirmed by oil red O staining ( Figure  6 , G and I) and osmium tetroxide staining using μCT ( Figure 6J ). Lineage tracing showed a large number of tdTomato + cells in the primary and secondary spongiosa in mice treated with teriparatide for 8 weeks ( Figure 6K ). Vehicle-treated mice also showed several tdTomato + cells that colocalized with GFPtpz protein and were present on bone surfaces ( Figure 6L ). However, mice that were withdrawn from teriparatide also showed metaphyseal adipocytes that descended from Sox9-creERT2 + cells ( Figure 6M and insert) . jci.org Volume 127 Number 9 September 2017 + cells after PTH 1-34 withdrawal. Mice received a single tamoxifen injection at P42. Twenty-four hours later, mice were subjected to either vehicle or PTH 1-34 once daily for 30 days. Mice were sacrificed and long bones were harvested for evaluation by histology, epifluorescence microscopy, and confocal microscopy. Each panel reflects data from 3 mice/genotype from 3 independent experiments. (B-E) Representative H&E sections of tibia from mice showing increased trabecular bone in mice that received teriparatide every day for 4 weeks (B) and 8 weeks (C), mice that received vehicle (D), and mice that were withdrawn from teriparatide administration after 4 weeks (E), but evaluated 4 weeks thereafter. + cells (O). Data represent mean ± SD from 3 independent experiments with 3 mice/experiment. ***P < 0.0001. Statistical evaluation was done by nonparametric 2-tailed Student's t tests, and the data were subjected to Bonferroni's correction for multiple testing. jci.org Volume 127 Number 9 September 2017
from Ocn-cre-expressing cells, suggesting striking plasticity even of mature osteoblasts. This conversion of Sox9-creERT2 or OcncreER cells to adipocytes does not occur when PTH administration continues, suggesting that the option of becoming an adipocyte is suppressed by PTH administration. Our group has previously shown that Wnt/β-catenin is a crucial fate determinant of osteoblast versus adipocytic lineage in Osx-creER + cells (11) . Teriparatide administration, both in vitro and in vivo, increases Wnt/β-catenin signaling. Therefore, we hypothesized that teriparatide withdrawal might lead to a sudden decrease in Wnt/β-catenin signaling in Sox9-creERT2 + cells in vivo. To assess the presence of active form of β-catenin, we stained Sox9-creERT2 + cells with an Ab that only detects the nonphosphorylated (active) form of β-catenin that has not been phosphorylated by GSK-3 and thus is functionally active in the canonical Wnt-signaling pathway. As predicted, we observed a dramatic increase of active β-catenin in Sox9-creERT2 + cells in teriparatide-treated mice when compared with the levels in mice after PTH withdrawal (Supplemental Figure 10) . Our data indicate that Wnt/β-catenin may thus be an important determinant of fate switch after teriparatide withdrawal.
Other signaling pathways may also be important in regulating the switch from osteoblast to adipocyte after PTH withdrawal. PTH suppresses PPARγ, a crucial transcription factor that leads to adipocytic differentiation of MSCs in vitro and in vivo (16) . PTH also regulates several zinc finger proteins, ZFP521 and ZFP423, which promote osteoblast differentiation at the expense of adipocyte differentiation (19) . Further, the possibility that expansion of adipocytes occurs in people stopping teriparatide therapy should be explored.
Methods
Mice. Ocn-GFP/tpz (20) , nestin-GFP (6), CXCL12-GFP (21), Osx-mCherry (JAX024850), Sox9-creERT2 (22), Rosa26-loxP-stop-loxP-tdTomato (JAX7914), Col2α1-creER (23), aggrecan-creERT2 (JAX019148), PTH receptor 1 flox/flox (24) , Ocn-creERT (25) , and Rosa26-loxP-stop-loxPZsgreen1 mice (JAX 007906) were used. Unless otherwise mentioned, in all of our experiments, 6-to 7-week-old mice received 2 mg tamoxifen once intraperitoneally 24 hours before the subcutaneous administration of PTH 1-34. Tamoxifen was dissolved first in 100% ethanol, then in sunflower seed oil (Sigma-Aldrich, S5007) overnight at 60°C. To examine the effect of PTH, the mice were given daily subcutaneous injections of vehicle (10 mM citric acid, 150 nM NaCl/0.05% Tween-80) or 400 ng/g body weight of PTH 1-34. Mice were genotyped by PCR. Animals were housed together in a temperature-and humidity-controlled animal vivarium and maintained under an ad libitum food and water diet supplied by the Center of Comparative Medicine of Massachusetts General Hospital.
Histology. Samples were dissected under a dissecting microscope (Nikon SMZ-10A) to remove soft tissues and fixed in 4% paraformaldehyde, kept overnight at 4°C, then decalcified in 15% EDTA for 7 to 14 days. Decalcified samples were cryoprotected in 30% sucrose/PBS followed by a 30% sucrose/PBS:OCT (1:1) solution, each kept overnight at 4°C, embedded in OCT, and cryosectioned at 15 μm (Leica CM1850). Images were captured with an epifluorescence microscope (Nikon Eclipse E800) with prefigured triple-band filter settings for DAPI/FITC/TRITC and merged with Spot Advanced Software and their descendants. Somewhat surprisingly, the increase in the numbers of these precursors occurs in association with substantial suppression of apoptosis, without detectable effects of teriparatide on the rate of proliferation of the precursors. In this way, the action of teriparatide on osteoblast precursors resembles that of PTH on mature osteoblasts.
Previous studies have examined the action of PTH on putative osteoblast precursors. For example, Nishida et al. (12) show that intermittent PTH administration to rats increased the number of colonies grown in vitro after plating marrow stromal cells (CFU-F). In studies such as these, the effects of proliferation versus apoptosis on the colony-originating cells cannot be distinguished. Further, cells capable of forming CFU-F from marrow may be heterogeneous and are likely to be distinct from the Sox9-creERT2-marked cells studied here. Our previous work, for example, showed that collagen II-Cre; tdTomato marks precursors of cells that eventually form CFU-Fs in young postnatal mice, but that the collagen IIcreER transgene is no longer expressed in the CFU-F-originating cell when tamoxifen is given postnatally (8) . More recently, Pettway et al. (13) showed that marrow stromal cells, when injected into mice with implanted bone "ossicles," increased their proliferation in response to administration of teriparatide; most of these stromal cells are likely to be more advanced in the early osteoblast lineage than the cells we analyzed early after tamoxifen administration. Méndez-Ferrer (6) showed that administration of teriparatide increases proliferation of cells marked with nestin-GFP, though those cells are clearly a heterogeneous population that overlaps somewhat with Sox9-creERT2 cells, but also includes endothelial cells as well (14) . The heterogeneity of all these findings probably reflects the heterogeneity of assays used to detect cells at various stages of differentiation in marrow. Mature cells of the osteoblast lineage secrete growth factors such as IGF-1, Wnts, and fibroblast growth factors and show suppression of sclerostin gene expression in response to teriparatide; all of these agents represent potential indirect mediators of teriparatide action on Sox9-creERT2-marked cells. Our data show, however, that if these growth factors from mature osteoblasts/osteocytes do act on Sox9-creERT2-marked cells, the direct action of PTH on these cells is required for the actions of growth factors to be manifested.
Long-term PTH therapy has been shown to cause osteosarcoma in rats (15) ; however, there is currently no cellular explanation of such an effect of the hormone. Our findings of suppression in the rate of apoptosis in the early progenitor cells, if sustained over the long term, might contribute to the vulnerability of such cells to undergoing malignant transformation.
It has been known that PTH suppresses adipocytic differentiation of human stromal cells in vivo (16) and that PTHrP haploinsufficient animals show increased bone marrow adiposity in vivo (17) . It is well established that bone mass falls after cessation of teriparatide treatment of osteoporotic patients (18) , though nothing is known about possible adipocyte accumulation after cessation of teriparatide in humans. We provide evidence that sudden cessation of teriparatide after prolonged administration may lead to adipocytic differentiation; the physiologic consequences of this fate switch are unknown. Here, we show that some of these adipocytes are descendants of Sox9-creERT2 cells. We also show that, after PTH withdrawal, some of the adipocytes can descend
